Methodology for determining the linkage and effect of viability genes in selfing organisms (both intragametophytic and regular selfing) is developed. The maximum likelihood estimate of the recombination fraction and the selective effect is determined using a progeny array from a heterozygous parent. The method of lod scores, commonly used in human genetics, is applied to this situation. An example from Scots pine is given and the effect of polyembryony and segregation distortion are discussed.
INTRODUCTION
Determining the linkage of loci affecting fitness to other loci is generally difficult. In some outbreeding organisms, such as in Drosophila melanogaster, the large number of known marker loci along withspecial breeding schemes can be used to localize fitness variants. In other organisms, linkage maps have been recently developed using a combination of RFLP and allozyme markers (e.g., Paterson et a!., 1988) , making it feasible in the future to identity fitness variants.
The techniques developed to identify quantitative trait loci by Lander and Botstein (1989) utilizes backcrosses, i.e., two generations of breeding, and does not estimate the effect of the loci. In plants with either a long generation length, e.g., pines, or which are relatively difficult to cross, e.g., homosporous ferns, the backcross approach may not generally be feasible. In addition, it would be useful to determine the extent of the effect of the variant on viability as well as its location. Therefore, here we present techniques that can be used in selfing organisms to determine the effect of viability variants and their linkage to codominant marker loci, e.g., allozyme variants or RFLPs. First, we will discuss estimation in organisms that have intragametophytic selfing, e.g., homosporous ferns, the most extreme form of selfing (e.g., Hedrick, 1987) . Second, we will discuss estimation for organisms with regular (intergametophytic) selfing.
INTRAGAMETOPHYTIC SELFING

One marker locus
Let us assume that a heterozygote, say A1A2 for codominant locus A produces an array of progeny by intragametophytic selfing, i.e., all progeny are either homozygous A1A1 or homozygous A2A2. Assume that linked to locus A is a locus with an allele influencing viability and that the amount of recombination between the loci is c. When both loci are heterozygous, then the genotype will be either A11/A2+ or A1+/A21 where I indicates the deleterious allele and + indicates the wild type allele. In the following, we will assume that the viability variant is on the same chromosome as A1. If it is linked to A2, then similar predictions ensue. Since it is not known to which A allele the viability variant is linked, strictly one should examine both possibilities. However, as in the Scots pine example below, one alternative is generally orders of magnitude more likely than others.
Given intragametophytic selfing of genotype A1//A2+, there are four possible progeny types ( 
The ratio of the probability of a given family array with c recombination to that with no linkage, C = is known as relative probability and the log10 of the relative probability is known as the lod score (e.g., Haldane and Smith, 1947; Morton, 1955; ott, 1985) . A general form for the lod score is z= Njlogio-
where P1 and P are the proportions expected for the ith genotypic progeny class with recombination C and no linkage, respectively, and N is the number observed in the ith class. The maximum likelihood estimates for the various combinations of selfing for viability variants are the values of recombination and selection for which the lod score is a maximum. In general, a lod score of three or more is the minimum acceptable value to demonstrate significant linkage between two loci (Conneally et a!., 1985) . A simple approach to determine the 95 per cent confidence interval for an estimate is to determine the parameter values one lod score value below the maximum lod score given that the maximum is three or greater.
The observed N1 values can be used in expression (3) to give a joint estimate of the recombination and selection levels. Assuming, intragametophytic selfing of this genotype and no recombinational interference, the (1-c1)(1-
and gene order A-I-B, the maximum lod score is 5373 when c1 = 033, c2 = 007, and s = 084 (the other gene orders give much lower numbers). In other words, there is a nearly lethal allele seven map units from marker locus B and between the two markers.
progeny genotypes are given in the second column of table 2. The expected frequencies of the four homozygotes after weighting by their viabilities are
2-s
Note that we now have three independent equations and three parameters to be estimated.
The P1 values of expression (4) For example, let us assume that the numbers observed of genotypes AIAIBIB1, A1A1B2B2, A2A2B1B1, and A2A2B2B2 in a progeny array are 5,13,4, and 26, respectively. For these numbers Let us assume that a heterozygote for a codominant marker locus reproduces by selfing and that linked to it is a locus affecting viability. If the heterozygote is A11/A2+, then the progeny genotypes and their fitnesses are given in table 3. Assuming that I is deleterious recessive, then the frequencies of the genotypes A1A1, A1A2, and AA2 are (5) and (4-s)/4 of the progeny survive. If s = 1, then of the progeny survive. When a lethal is With regular selfing, there are two independent equations with two unknowns so that we can obtain a single estimate of s and c that maximizes the lod score. In other words, because there are three genotypic classes, we can estimate both parameters with only one locus.
As an example, self-fertilization of a Scots pine heterozygous for fluorescent esterase gave a progeny array of N11=6, N12=45 and N22=24.
Examining the combination of possible values of s and c, the maximum lod score is 3i67 when c = 0084 and s = 0896. We should note that if we assume that the allele is a recessive lethal s = 1, that the maximum lod score of 3162 occurs when c = 0 127.This viability variant is the third locus on linkage group B in Scots pine (Szmidt et a!., 1984) . Fig. 2 gives the 95 per cent confidence interval for this estimate, i.e., the combinations of c and s that give a lod score of 2167.
The megagametophytic tissue has the same haploid genotype as the female gamete. Examining this tissue for the 75 progeny showed that 28 and 47 gametes were A1 and A2, respectively. The inferred male gametic contribution is then 29 A1 and 46 A2 gametes, very similar numbers to that of the female gamete. Because of this similarity, the observations are consistent with an embryonic recessive detrimental lethal linked to A1. Note that such a lethal would reduce the number of A1 female gametes as observed (e.g., Cheliak et a!., 1984; Strauss and Conkle, 1986 , Hartl, 1977) . Using the same approach as earlier, then the frequencies of genotypes A1A1, A1A2, and A2A2 are P11=(1-c-m+2cm)
'12 2 (6) Notice that these equations give proportions that are somewhat different than those given in equation (5) for a linked viability allele. For example, if c = 01 and s = 1 then P11 = OO63, P12 = 0067, and P22 = 033 while if m = O874, and c = 0, then P51=OO63, P12=O5, and P22=O437. In other words for a given P11 value, there is a higher proportion of heterozygotes and lower proportion of A2A2 for the linked lethal than for the segregation distortion allele. However, the maximum likelihood values of c and m cannot be estimated using lod scores because (6) has only one independent equation with two unknowns. In other words, one would need to examine two linked marker loci in order to estimate c and m. Furthermore, if megagametophytic tissue is analyzed as was in the Scots pine example above, segregation distortion may be eliminated as a factor because it occurs in only one sex.
Po/yembryony
Many plants have polyembryony so that, for example in gymnosperms each ovule contains several archaegonia (e.g., Sorensen, 1982) , and in some ferns each gametophyte contains several archaegonia (e.g., Klekowski, 1982) . Usually only one embryo develops to form the mature embryo and when embryos are homozygous for recessive lethals, they do not develop. To illustrate how this may affect the expected proportions of the different genotypes, let us examine the simplest case, with two independent embryos and intragametophytic selfing (table 4) . Again, the expected proportions of A1A1 and A1A2 genotypes when there is a linked lethal are c and 1 -c, as when there is only one embryo. However, instead of the ovules producing embryos, of the ovules produce embryos. The same result is true for regular selfing, i.e., the proportion of the genotyupes at the marker locus remains unchanged with polyembryony, but the proportion of ovules producing embryos is higher than when there is only one embryo. 
